VEGF induces vascular permeability (VP) in ischemic diseases
Introduction
Vascular permeability (VP) plays an integral role in the pathology of cardiovascular disease, stroke, and cancer. VEGF was originally discovered as "vascular permeability factor" described as being a tumor-secreted factor that promotes microvascular permeability potently. 1 It was later discovered separately as VEGF, an endothelial mitogen 2 essential for the development of blood vessels. [3] [4] [5] Ischemia resulting from cardiac infarction or stroke promotes VEGF expression, which leads to hyperpermeability, edema, and tissue damage. 6, 7 Angiogenesis is a key restorative mechanism in response to ischemia, 8, 9 creating the therapeutical challenge of regulating the negative and beneficial actions of VEGF temporally to reduce edema and improve ischemic tissue. In cancer, VEGFmediated VP promotes tumor-cell extravasation through damaged endothelial cell junctions, often leading to widespread metastasis. 10 In addition, VEGF expression induces tumor angiogenesis through extravasation of plasma proteins into the surrounding tissue to develop a provisional matrix capable of supporting vascular sprouting and tumor growth. 1 Despite the prevalent role of VEGF-mediated VP in the pathophysiology of cardiac and cerebral diseases and cancer, the genetic regulation of VEGF-induced VP remains unclear because of the lack of an adequate, highthroughput in vivo model with which to assess quantitatively the cumulative contributions of receptors and transduction molecules to VEGF-mediated VP.
New methods are necessary to elucidate genetic regulators of VP. Present in vivo VP models, such as the Miles assay, 11, 12 the dual-isotopemodified Miles assay, 13 the in vivo peripheral permeability assay, 14 and intravital microscopy, [15] [16] [17] have various disadvantages, including the requirement for expensive and time-intensive murine knockout models for genetic studies. The zebrafish (Danio rerio) is a vertebrate with an optically clear embryo that allows high-resolution live imaging and is amenable to high-throughput genetic manipulation, but has yet to be used as an in vivo model to study VEGF-induced VP. In the present study, we undertook the development of a heat shock-inducible zebrafish VEGF model through which VP can be visualized and quantitated in real-time using microangiography of fluorophoreconjugated dextrans. Protein translation-blocking morpholinos (MO) microinjected into VEGF-inducible zebrafish embryos represent a relatively inexpensive and high-throughput means of identifying regulators of VEGF-mediated VP. We demonstrate the utility of this newly developed approach by identifying phospholipase C␤3 (PLC␤3) as a regulator of VEGF-mediated VP.
VEGF mediates its activities through 2 receptor tyrosine kinases, VEGFR2 and VEGFR1, [18] [19] [20] with neuropilin acting as a coreceptor. [21] [22] [23] Downstream signaling events induced by VEGF include the serine phosphorylation of PLC␤3 24 and tyrosine phosphorylation of PI3K and PLC␥. 25 PLC isoforms mediate the hydrolysis of phosphatidylinositol 4,5-bisphosphate to diacylglycerol and inositol 1,4,5-triphosphate, all intracellular messengers that promote the activation of protein kinase C and intracellular Ca 2ϩ release, respectively. 26 We have shown that of the PLC isoforms expressed in endothelial cells, only PLC␤3 and PLC␥ increase phosphatidylinositol 4,5-bisphosphate hydrolysis significantly after VEGF stimulation. 27 Whereas PLC␥ has been shown to promote VEGF-induced VP through an intracellular Ca 2ϩ -dependent mechanism, 28 in the present study, we demonstrate that PLC␤3 acts as a novel negative regulator of VEGF-mediated hyperpermeability through a similar mechanism.
Methods

Creation of transgenic VEGF-inducible zebrafish
SWT zebrafish embryos at the 1-cell stage were coinjected with 2 nL of pkTol2-h70-mC-hVEGF-gcG plasmid (12.5 ng/L) and transposase mRNA (12.5 ng/L). Potential founders were selected by expression of enhanced green fluorescent protein (EGFP) in their eyes. Founders were raised to adulthood to produce F1 embryos and to identify true transgenics. An individual line with low background but high heat-shock induction of mCherry was selected for continued work. Zebrafish were maintained according to institutional animal care and use committee guidelines at Mayo Clinic, and all animal studies in this study were approved by the committee.
Heat-shock induction of the VEGF transgene
Heat shock was performed by transferring the zebrafish from 28.5°C to 37°C embryo water and incubating at 37°C for 30 minutes. We defined basal vascular permeability (BVP) as no exposure to heat shock, acute vascular hyperpermeability (AVH) as 1 heat-shock induction, and chronic vascular hyperpermeability (CVH) as three 30-minute heat-shock inductions of VEGF separated by 2 hours at 28.5°C.
mRNA injections
Cre mRNA was transcribed from pT3TS-Cre plasmid DNA 29 linearized with XmaI using the mMessage mMachine T3 kit (Ambion). Embryos at the 1-cell stage were arrayed in an agarose microinjection template and 1.5 nL of mRNA (12.5 ng/L) was microinjected into the cell of the embryo.
MO injections
A translation blocking c-src MO (TTTCTGGCTGACCTTTGGTT-GACTG) was designed and a splice site blocking PLC␤3 MO 30 was purchased from Gene Tools. Embryos at the 1-to 8-cell stage were arrayed in an agarose microinjection template and microinjected. Next, 4.5 nL of c-src MO (100M) or 4.5 nL of nonspecific control MO (CAT-CATATTCAGGGTAGTCGAAGTT; 100M) were microinjected. Finally, 9.25 ng of PLC␤3 (2.2 nL of a 500M concentration) or 9.25 ng (2.2 nL of a 500M concentration) of nonspecific control MO were microinjected.
Dextran injections
Microangiography was performed on anaesthetized, 3-days postfertilization (3-dpf) embryos placed in an agarose microinjection template by inserting a glass microneedle through the pericardium directly into the ventricle. FITC-dextran with a molecular weight of 2000 kDa and Texas Red-dextran with a molecular weight of 70 kDa were used. The dextran was solubilized in embryo medium at a 2 mg/mL concentration. Visualization and real-time imaging were performed using the previously described SCORE methodology 31 on a Zeiss ApoTome and a Zeiss LSM 780 confocal microscope using standard FITC and dsRed filter sets.
Immunoblotting
Zebrafish embryos were lysed in RIPA buffer including protease inhibitors and centrifuged at 14 000g for 10 minutes at 4°C. Supernatant was collected and suspended in 4ϫ sample buffer, boiled for 5 minutes, and run on a Tris-glycine SDS gel. The gel was transferred to an Immobilon-P membrane (Millipore) and a c-src polyclonal Ab (Santa Cruz Biotechnology) was used for immunodetection.
VEGF-induced microvascular permeability in mice
In vivo peripheral permeability assays were completed as described previously. 14 Wild-type and PLC␤3-null mice were anesthetized with 2% Avertin (0.5 mL/20 g) and infused through the tail vein with 100 L of FITC-dextran (5 mg/mL, 165 kDa). Animals were placed on a Kodak Multimodel Imager (2000MM) with warm water bottles to maintain body temperature and the central vessels in the ear were imaged. Control saline or mouse VEGF (10 ng/mL) was injected subdermally into the middle ear using a 30-gauge needle (30 L). Ear vasculature was then imaged with fixed exposure times (30 seconds) in a stationary position from 2-45 minutes after injection. Fluorescence images were then quantified using Kodak MI Version 4 software.
Intracellular Ca 2؉ release
Human umbilical vein endothelial cells transfected with PLC␤3, PLC␥, or control shRNA were serum-starved overnight, loaded with Fura-2 AM, and then stimulated with VEGF (10 ng/mL). Intracellular Ca 2ϩ concentrations were measured with the DeltaScan illumination system using Felix Version 1.1 software.
Quantitation of vascular permeability
To assess vascular permeability quantitatively, image segmentation programs using techniques in 2-dimensional digital signal processing were written in Matlab (MathWorks). For analysis of confocal time-lapse data, image noise due to decreased exposure time prompts for segmentation of the points of interest only. Noise removal is first performed through a median filter and a low-pass binomial filter. Local maxima are found through first-and second-order numerical differentiation. The points of interest are identified through threshold criteria and intensity data are collected. Corresponding graphical user interfaces are implemented for the ease of adaptation to different imaging qualities and modalities.
Statistics
All values are expressed as means Ϯ SD. Statistical significance was determined using 2-sided Student t test and a value of P Ͻ .05 was considered significant.
For additional methods, see supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Results
Creation of a VEGF-inducible zebrafish model of VP
To generate the heat-shock-inducible VEGF zebrafish, we used the Tol2 transposon to integrate a single copy of our transgenic vector efficiently into germline cells. 32 Within Tol2, the hVEGF transgene is driven by the heat-inducible HSP70 promoter and preceded by an upstream floxed mCherry gene ( Figure 1A ). Microinjection of cre recombinase mRNA into single cell embryos results in excision of the red fluorescent protein and expression of hVEGF on induction of the HSP70 promoter. The mini-Tol2 plasmid also contains an EGFP gene driven by the lens-specific ␥-crystallin promoter, which enables simple identification of transgenic fish by visualizing EGFP in their eyes ( Figure 1B-C) . We microinjected transgenic single-cell embryos with cre mRNA to excise mCherry, heat shocked 3-dpf zebrafish at 37°C, and observed mCherry expression in noninjected fish ( Figure 1B) . mCherry was undetectable in fish that had been injected with cre mRNA ( Figure 1C ). Transcript levels of mCherry peaked around 2 hours after heat shock ( Figure 1D ) and VEGF expression was the highest immediately after heat shock ( Figure 1E ). This result indicates that VEGFinduced VP in the transgenic zebrafish needs to be assessed immediately after heat-shock induction because, as has been shown by others, VEGF mediates VP in a matter of minutes. 1, 11, 33 Imaging VEGF-induced VP in zebrafish
To investigate VP, microangiography was performed by coinjecting the ventricles of 3-dpf control and transgenic zebrafish with 70 kDa Texas Red-dextran as a permeabilizing tracer and 2000 kDa FITCdextran as a marker of the veins. Control and transgenic zebrafish were heat shocked to induce VEGF in the transgenic zebrafish and imaged immediately using SCORE methodology. 31 VP was monitored using time-lapse structured illumination fluorescence microscopy and steadily increasing VP was observed over the course of an hour in VEGFinduced zebrafish, as evident by greater leakage of Texas Red-dextran into the extravascular space compared with control zebrafish (Figure 2A ). 3D rotating images showing greater Texas Red-dextran extravasation in VEGF-induced zebrafish than in controls were also captured (supplemental Videos 1 and 2). We sought to validate our observations of increased VP in VEGF-induced zebrafish through a pathologic assessment of vascular barrier integrity. To this end, control and VEGF-induced zebrafish were fixed and sectioned before electron microscopy analysis. Edema was observed in the VEGF-induced zebrafish, as evident by plasma proteins leaking into extravascular space through endothelial cells lining the lumen (supplemental Figure 1) . These data indicate that VEGF induction causes extravasation of plasma proteins from zebrafish vessels during VP, and this leakiness can be visualized in real time using fluorophore-conjugated dextrans as tracers. The majority of the vascular leakiness induced by VEGF occurred through the intersegmental vessel (ISV) with minimal contributions from the posterior cardinal vein, caudal vein, dorsal longitudinal anastomotic vessel, caudal artery, and dorsal aorta.
Three distinct types of VP have been described: (1) BVP of normal tissues; (2) AVH, which occurs in response to a very short exposure to VEGF or other vascular permeabilizing agents; and (3) CVH, which characterizes pathologic angiogenesis. 13 We observed BVP in the control zebrafish and sought to replicate all 3 types of VP. We defined BVP as no VEGF induction, AVH as 1 VEGF induction, and CVH as 3 VEGF inductions. VP increased as the quantity of VEGF-inductions increased ( Figure 2B ), demonstrating that the VEGF-inducible model can be used to determine how novel genetic regulators of VP may modulate distinct types of VP. Characteristics of pathologic angiogenesis, such as increased vessel formation, 13 were observed in the CVH-induced zebrafish (supplemental Figure 2) .
MO-mediated knockdown of c-src blocks VEGF-mediated VP
We sought to define genes that regulate VP using a reverse genetics approach of MO-mediated gene knockdown. 34 To test the feasibility of this methodology, we knocked down c-src protein ( Figure 2C ), a gene known to be required for VEGF-induced VP. 35 As expected, For personal use only. on July 15, 2017. by guest www.bloodjournal.org From ablation of c-src in VEGF-induced zebrafish blocked VP, whereas a nonspecific, control MO had no effect on VEGF-induced VP ( Figure 2D ), demonstrating that MO-mediated gene knockdown can be used in the VEGF-inducible zebrafish model we created to identify potential genetic regulators of VEGF-induced VP.
PLC␤3 negatively regulates VEGF-mediated VP in zebrafish
PLC␥1 has been implicated in VP, 28 and we have shown previously that PLC␤3 regulates VEGF-induced migration. 24 Therefore, in the presents study, we sought to determine whether PLC␤3 regulates VEGF-mediated hyperpermeability. We induced VEGF in transgenic zebrafish that had been injected with a nonspecific control MO or the splice-blocking PLC␤3 MO 30 ( Figure 2E ). Interestingly, VEGF-induced, splice-blocking PLC␤3 MO-injected embryos exhibited even greater VP than VEGF-induced, control MOinjected zebrafish, as shown by increased red tracer in the extravascular space ( Figure 2F and supplemental Videos 3-5).
Zebrafish not stimulated with VEGF but injected with PLC␤3 MO exhibited basal VP similar to that observed in controls (supplemental Figure 3 ). Surface projections of confocal real-time imaging ( Figure 2G ) and corresponding videos (supplemental Videos 6-8) demonstrated that the red extravasation tracer leaked directly from the ISV of VEGF-induced zebrafish administered control MO or PLC␤3 MO and accumulated along these vessels ( Figure 2G pink  arrows) . In VEGF-unstimulated controls, the red tracer accumulated along diagonal and horizontal projections between the ISVs ( Figure 2G white arrows) , which is consistent with previously defined zebrafish lymphatic vessels. 36 The small amount of tracer that extravasated from the ISVs was a consequence of basal VP. We quantitated red fluorescence intensity in the extravascular space at various time points throughout the live imaging series to measure VP and showed a significant increase in VP during the first 24 minutes after VEGF induction in the zebrafish ( Figure 2H ). Ablation of PLC␤3 caused a greater than 2-fold increase in VEGF-induced VP, as assessed 
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For personal use only. on July 15, 2017. by guest www.bloodjournal.org From by this quantitation method ( Figure 2H ). These findings suggest a novel role of PLC␤3 as a negative regulator of VEGF-mediated VP.
PLC␤3 negatively regulates VEGF-induced VP in mice
Given that PLC␤3 knockdown in zebrafish increased VEGFinduced VP, we sought to determine whether PLC␤3 regulates VP in a mammalian model. To this end, we performed in vivo permeability assays in wild-type and PLC␤3-deficient mice, as described previously. 14 Briefly, mice were anesthetized, injected with FITC-dextran intravenously through the tail vein and with saline or VEGF intradermally in the ear skin and imaged. PLC␤3-knockout mice exhibited more than twice as much VEGF-induced permeability as wild-type mice (maximum induction mean for PLC␤3, 3.319 Ϯ 0.7385 vs wild-type, 1.518 Ϯ 0.1187; P ϭ .0468; Figure 3 ), which corroborates the increased VEGF-mediated VP that we observed in PLC␤3 MO-injected zebrafish ( Figure 2F -H) and supports our finding that PLC␤3 regulates VEGF-mediated VP negatively.
PLC␤3 regulates VEGF-mediated VP through a Ca 2؉ -dependent mechanism
Because PLC␥ induces Ca 2ϩ release and thus promotes VP, 28, 37 we hypothesized that PLC␤3 may regulate calcium flux negatively, given our findings that ablation of PLC␤3 promotes increased VEGF-mediated VP. We performed an intracellular Ca 2ϩ -release assay and demonstrated that endothelial cells expressing PLC␤3 shRNA exhibited increased Ca 2ϩ flux compared with control shRNA-transduced human umbilical vein endothelial cells ( Figure  4A ), indicating that PLC␤3 does indeed regulate Ca 2ϩ flux negatively. As expected, shRNA-mediated knockdown of PLC␥ caused a decrease in Ca 2ϩ flux ( Figure 4B ). We also sought to determine whether PLC␤3 regulates Ca 2ϩ release from the ER negatively. To ensure that only Ca 2ϩ released from the ER was being monitored, EGTA was added to the buffer to chelate all extracellular Ca 2ϩ . After VEGF stimulation, no differences in Ca 2ϩ flux were observed among the control shRNA and PLC␤3 shRNA cells, indicating that PLC␤3 has no effect on Ca 2ϩ release from the ER ( Figure 4C ). To assess whether PLC␤3 modulates Ca 2ϩ entry into the cell negatively, we introduced CaCl 2 into the buffer after EGTA and VEGF treatment and found that knockdown of PLC␤3 greatly increased Ca 2ϩ entry into the cell ( Figure 4C ). We validated this finding in vivo by demonstrating that chelation of intracellular Ca 2ϩ with BAPTA-AM prevented the increased VP observed in VEGF-induced, PLC␤3 MO-treated zebrafish ( Figure 4D ). We propose a model in which PLC␤3 tightly regulates Ca 2ϩ entry into the cell ( Figure 4E ). After down-regulation of PLC␤3, increased Ca 2ϩ enters the cell, which leads to increased VEGF-mediated VP.
Discussion
Many components of signaling pathways have been linked qualitatively to VEGF-induced hyperpermeability using various models, 37, 38 but little is known about the quantitative contributions of these relative pathways. It has become increasingly difficult to synthesize a cumulative understanding of the molecular mechanisms that regulate VEGF-induced VP using data generated across incomparable systems. For example, in vitro permeability measurements correspond poorly with those obtained in vivo, 39, 40 and properties of endothelial cells, vascular beds, and vascular walls vary significantly among model organisms. 37 A genetically accessible, high-throughput model is necessary to evaluate uniformly the quantitative contributions of signaling molecules that regulate VEGF-induced VP. In the present study, we describe a new VEGF-inducible zebrafish model for assessing VP in real-time. Optically clear zebrafish embryos facilitate high-resolution in vivo imaging of vascular formation, function, and integrity using fluorescently labeled tracers and transgenes. When used in conjunction with translation-blocking MOs that yield genetic phenotypes within 3-4 days of injection, the VEGF-inducible zebrafish model offers a high-throughput in vivo system for evaluating genetic regulation of VEGF-mediated hyperpermeability.
The VEGF-inducible zebrafish model presented herein has several advantages over current in vivo models of VP. We demonstrate the ability to monitor VEGF-mediated chronic VP in zebrafish, which is significant because tissue damage is exacerbated in ischemic disease and cancer by prolonged VEGF exposure. 6, 7 Elucidating distinct and overlapping molecular mechanisms For personal use only. on July 15, 2017. by guest www.bloodjournal.org From that regulate VEGF-induced acute and chronic vascular hyperpermeability represents an important pursuit, because current murinebased permeability models have generally focused on acute VP. In addition, the ease of simultaneously knocking down multiple VP-regulatory proteins in the zebrafish model permits study of the interplay among effectors of VEGF-induced VP. Finally, the high-throughput nature of the zebrafish model of VP, when combined with MO technology, enables rapid screening for novel genetic regulators of VP.
In the present study, we exhibit the efficacy of the VEGFinducible zebrafish model through the identification of PLC␤3 as a negative regulator of VEGF-induced VP. Previous work has shown that PLC␤3 and PLC␥1 have distinct roles in zebrafish development. PLC␤3 is required in neural crest cells for proper facial skeletal patterning, 30 and PLC␥1 is necessary downstream of VEGF for arterial development. 41 Given the unique functions of PLC isoforms in development and the defined role of PLC␥1 as a positive meditator of VEGF-induced VP, we sought to determine whether PLC␤3 is a novel regulator of VP. We have demonstrated herein that PLC␤3 opposes the function of PLC␥1 by regulating VEGF-mediated VP negatively, although these PLC isoforms regulate VEGF-induced hyperpermeability differentially through a similar intracellular Ca 2ϩ -dependent mechanism. 28 We speculate that PLC␤3 may be activated by VEGFR2 based on ex vivo data implicating this receptor in PLC␥1 modulation of VP 28 and our previous report demonstrating that VEGFR2 induced phosphorylation of serine residues on PLC␤3 to regulate endothelial cell migration. 24 However, identification of the VEGF receptor(s) that activates PLC␤3 to regulate VEGF-induced VP negatively warrants further investigation beyond the scope of this study.
The integral role of VEGF-induced hyperpermeability in the pathologies of cancer and ischemic diseases underscores the clinical importance of understanding VP-regulatory pathways. For example, preclinical studies have demonstrated the efficacy of anticancer drugs that inhibit c-src, 42 a gene required for VEGFmediated VP. Our elucidation of a novel mechanism through which PLC␤3 modulates cellular and molecular regulation of VP has several important clinical implications. First, our results may be significant for patients receiving morphine because chronic exposure causes decreased PLC␤3 activity, 43 which, in light of our present findings, may promote increased VP. Second, anticancer drugs developed to inhibit G-protein signaling 44, 45 may also stimulate VP through down-regulation of PLC␤3. Consequently, caution should be exercised when administering morphine or other drugs that inhibit PLC␤3 activity because they could promote edema and tissue damage through the induction of VP. The results of the present study exemplify the utility of the VEGF-inducible zebrafish model for the assessment of VP in real time and identify genetic regulators of VP that may translate into therapeutic targets for the treatment of cancer, heart disease, stroke, and other diseases. release from the endoplasmic reticulum). Elevated intracellular Ca 2ϩ levels promote increased vascular permeability. Activated PLC␤3 inhibits Ca 2ϩ entry into the cell, leading to a decrease in VEGF-induced vascular permeability.
